Collagens V and XI comprise a single regulatory type of fibril-forming collagen with multiple isoforms. Both co-assemble with collagen I or II to form heterotypic fibrils and have been implicated in regulation of fibril assembly. The objective of this study was to determine the roles of collagens V and XI in the regulation of tendon fibrillogenesis. Flexor digitorum longus (FDL) tendons from a haploinsufficient collagen V mouse model of classic Ehlers Danlos Syndrome (EDS) had decreased biomechanical stiffness compared to controls, consistent with joint laxity in EDS patients. However, fibril structure was relatively normal, an unexpected finding given the altered fibrils observed in dermis and cornea from this model. This suggested roles for other related molecules, i.e., collagen XI, and compound Col5a1+/-,Col11a1+/-tendons had altered fibril structures supporting a role for collagen XI. To further evaluate this, transcript expression was analyzed in wild type tendons. During development (E18-P10) both collagen V and XI were comparably expressed, however, collagen V predominated in mature (P30) tendons. The collagens had a similar expression pattern. Tendons with altered collagen V and/or XI expression (Col5a1+/-; Col11a1+/-; Col5a1+/-,Col11a1+/-; Col11a1-/-; and Col5a1+/-,Col11a1-/-) were analyzed at E18. All genotypes demonstrated reduced fibril number and altered structure. This phenotype was more severe with a reduction in collagen XI. However, the absence of collagen XI with a reduction in collagen V was associated with the most severe fibril phenotype. The data demonstrate coordinate roles for collagens V and XI in the regulation of fibril nucleation and assembly during tendon development.
Collagen V is a fibril-forming collagen. The fibril-forming collagen subfamily includes collagens I, II, III, V, XI, XXIV and XXVII and the genes cluster into three distinct clades (16) . Collagens I, II and III are the major components of all collagen fibrils. Collagens V and XI are quantitatively minor collagens found as heterotypic fibrils with collagens I, II and III and have a regulatory function in fibrillogenesis (17) . Collagens XXIV and XXVII have structural differences relative to collagens I, II III, V and XI and their specific roles remain to be elucidated.
Collagens V and XI have multiple isoforms:
[α1(V)] 2 α2(V); [α1(V)] 3 ; α1(V)α2(V)α3(V); and α1(XI)α2(XI)α3(XI) (18) . In addition, there are collagen V and XI hybrids such as [α1(XI)] 2 α2(V) (19) (20) (21) . Despite being originally described as separate collagen types, collagens V and XI are now considered a single collagen type with multiple tissue-specific isoforms (17;18) . The major isoforms of collagens V and XI, [α1(V)] 2 α2(V) and α1(XI)α2(XI)α3(XI), form heterotypic fibrils with collagens I and II in a regulated, tissue-specific manner. Interactions among fibrillar collagens regulate collagen organization in the fibril, resulting in tissuespecific fibril differences.
Collagens V and XI have been shown to regulate fibrillogenesis by nucleating fibril formation. Fibril assembly assays manipulating these collagens in cell culture and in mouse models have demonstrated that reducing the ratio of collagens V and XI to collagens I and II results in fibrils with larger diameters. Reducing collagens V and XI also results in decreased numbers of fibrils assembled (22;23) . A targeted deletion of Col5a1 is embryonic lethal in a mouse model due to cardiovascular failure and a virtual lack of fibril formation in the embryonic mesenchyme (24) . This occurs despite the presence of normal collagen I secretion and demonstrates that collagen V is essential for the assembly of collagen I-containing fibrils in this low collagen concentration environment. The heterozygous (Col5a1+/-) mice were haploinsufficient for collagen V and recapitulated many of the characteristics of classic EDS (25) .
Two mouse models in which the production of collagen XI is compromised also demonstrate altered fibrillogenesis. In a mouse model (cho/cho) with naturally ablated Col11a1 alleles, collagen XI is absent. Homozygous animals develop a chondrodysplasia (cho) with cartilage essentially devoid of fibrils, although collagen II is produced normally (26;27) . In Col2a1-null cartilage, collagen II deficiency leads to an up-regulation of collagen I. Collagen I is not produced in normal hyaline cartilage, but should form fibrils. However, as in cho/cho mice, the mutant cartilage lacks fibrils. The collagen XI molecule contains an α3(XI) chain that is derived from the Col2a1 gene, therefore, Col2a1-null mice lack this and fibrils are not assembled (28;29) . These studies corroborate the concept that collagens V and XI have similar regulatory roles in collagen fibrillogenesis.
The purpose of this study is to elucidate specific regulatory roles of collagens V and XI in tendon fibrillogenesis. Specifically, it will be determined whether regulation of tendon fibrillogenesis involves unique, shared and/or synergistic roles for collagens V and XI in development of the structural and functional properties of tendon.
Experimental Procedures
Animals -Col5a1+/-mice were created by targeted deletion and have been previously described in detail (24) . The cho/+ mice also have been characterized (26;27) . The mutation in Col11a1 results in a collagen XI-null homozygous mouse (27) . Col5a1+/-, cho/+ and cho/cho mice were obtained from heterozygous matings. The compound mutant mice were obtained by cross breeding. The genotype of the fetuses was determined as described previously (27;30) . All animal studies were performed in compliance with IACUC approved animal protocols.
Biomechanics -Analyses of P60 FDLs were done as previously described (31) using 6 wildtype and 7 Col5a1+/-littermates. Cross-sectional area of the P60 tendon was calculated from measurements of the width and thickness (32;33) . P60 tendons were glued (using cyanoacrylate) to sand paper 5mm apart and stain lines were placed 2.5mm apart within the mid-substance to track strain optically (34) . Samples were clamped in custom test fixtures and standard mechanical testing protocols were used including preconditioning, stress-relaxation and ramp to failure as described (35) . For all tests, samples were immersed in a 37ºC PBS bath and tested with an Instron 5543 (Instron Corp., Canton, MA). Maximum stress and modulus were calculated as previously described. One way ANOVAs were performed on cross-sectional area, maximum load, maximum stress, stiffness, and elastic modulus comparing across genotype (significance at p≤0.05).
Analyses of mRNA expression -Total RNA was isolated from pooled FDL tendons from wild type mice. At postnatal day 4 (P4) and P10, 40 FDLs from 20 mice were used for each age. At P30 and P90, 20 FDLs from 10 mice were used at each age. Two independent cDNA preparations at each age were obtained by reverse transcription of total RNA (5µg) with random primers (High-Capacity cDNA Archive Kit, Applied Biosystems, Foster City, CA). Semi-quantitative RT-PCR was done as described (36;37) .
Real-time RT-PCR was performed using the LightCycler System (Invitrogen) with the SYBR Green PCR Master Mix (Applied Biosystems) (31) according to the manufacturers' directions. Classic II 18S internal standard (Ambion) was used as an endogenous control to standardize the amount of sample RNA. A series of 10X dilutions of cDNA mixture from each developmental time point was used to generate relative standard curves for 18S for comparison with Col5 or Col11 samples. PCR amplification was done with cDNA derived from 25ng RNA input for each sample used as template with primer concentrations of 0.3µM for collagens V and XI and 0.1µM for 18S, the optimal 18S primer pair/competimer ratio was 1:4. The PCR cycle parameters were: 95ºC/2 min x 1 cycle, (95ºC/5 sec, 58ºC/15 sec, 72ºC/20 sec) x 40 cycles. The optimal MgCl 2 concentration used for the PCR was 2mM.
Antibodies -Antibodies against mouse type V and XI collagen were produced as described previously (24;38) . Anti-type I collagen (Chemicon, AB765p) and anti-actin primary antibodies (Chemicon) were used at 1:10,000.
Immuno-localization analyses -FDL tendons were dissected from wild type mice at P4, and immuno-localization was done as previously described (39) . Tissues were embedded in OCT medium, quick frozen in an ethanol/dry ice bath and stored at -80°C. Frozen sections (6 µm) were cut using a HM 505E cryostat. Indirect immunofluorescence staining was performed as previously described (39) . Rabbit anti-mouse collagen V and rabbit anti-mouse collagen XI antibodies were used, each at 1:100. The secondary antibody (Molecular Probes, Eugene, OR) was an Alexa Fluor 568-conjugated goat antirabbit IgG used at 1:200. Vectashield mounting solution with DAPI (Vector Laboratories, Inc., Burlingame, CA) was used as a nuclear marker. Negative control samples were incubated identically, except the primary antibody was excluded. Images were captured using a DM5500 Upright microscope system (Leica). Identical conditions and set integration times were used to facilitate comparisons between samples.
Immuno-blot analyses -FDL tendons were collected from wild type mice at P4 and P30. The tissues (20 mg wet weight) were rinsed in PBS, and homogenized in 15 fold excess of extraction buffer (50mM Tris pH8.0, 1M NaCl, 10mM EDTA, 10mM N-ethylmaleimide, and proteinase inhibitor cocktail, Roche). FACIT collagens were extracted at 4ºC overnight with stirring followed by centrifugation at 14,000 rpm using an Eppendorf centrifuge 5415C (Eppendorf) for 10 min at 4ºC. Total protein content in the sample was determined using a BCA Protein Assay Kit (Pierce, Rockford, IL). Constant total protein for each sample was resolved by SDS-PAGE and transferred to nitrocellulose membrane (GE Healthcare, Piscataway, NJ). Immuno-blotting was done with anti-collagen I, collagen V and collagen XI antibodies used at 10ng/ml for collagen I and 1µg/ml for collagens V and XI. Actin in each sample was probed with anti-actin antibody (10ng/ml; Chemicon) as a loading control. Goat anti-rabbit IgG-perixodase (GE Healthcare, Piscataway, NJ) was used as the secondary antibody at 1:3000 with ECL as the detection system (Pierce). For each independent sample, immuno-blotting was done at least in duplicate. 
Results
The mechanical properties of tendons from a Col5a1+/-mouse model of classic Ehlers Danlos Syndrome were analyzed. The biomechanical properties of mature (P60) Col5a1+/-and wild type control FDL tendons were analyzed (Fig. 1) . The cross-sectional areas of Col5a1+/-tendons were significantly smaller than the wild type tendons. The maximum load, maximum stress and the modulus were not significantly different. However, a significant decrease in stiffness between Col5a1+/-and wild type tendons was observed. This decrease in stiffness is consistent with the hyper-extensible joint phenotype observed in patients with classic EDS.
To address structure/function relationships, collagen fibril structure was analyzed in the tendons from Col5a1+/-and wild type mice at P30 ( Fig. 2A,B) . The haplo-insufficient Col5a1+/-tendons had fibril structures comparable to wild type controls, with both genotypes showing a heterogeneous population of fibrils. The wild type tendons had near circular fibril cross sections with the Col5a1+/-tendons composed of fibrils with less regular fibril cross section profiles. In addition, there were larger numbers of small diameter fibrils in the Col5a1+/-tendons. This result was unexpected based on the fibril phenotype observed in the dermis of the Col5a1+/-animals (24;25) and from patients with classic Ehlers Danlos syndrome (40) . To examine potential regulatory interactions involving collagen V and XI isoforms, an analysis of fibril structure was done on tendons from mice haploinsufficient in both Col5a1 and Col11a1 (Col5a1+/-,Col11a1+/-) (Fig. 2C) . The compound heterozygous mice had larger diameter fibrils compared to the wild type controls. In addition, there was a subpopulation of large, structurally aberrant fibrils in the compound heterozygous mice. This phenotype is comparable to the dermal phenotype observed in patients with classic EDS and in the Col5a1+/-mouse model. Comparable results were obtained from P90 tendons (data not shown). The tendons from Col11a1+/-mice also were analyzed and the fibril diameter distribution and fibril morphology were comparable to that of Col5a1+/-mice. However, the diameter distribution in Col11a1+/-tendons has a larger percentage of small diameter fibrils with Q1=37.7nm versus 48.2nm and resultant shift in the median 103.2nm versus 134.7nm. The remaining parameters were comparable (Fig. S1 ).
The fibril diameter distributions were analyzed at P30 for wild type, Col5a1+/-and compound Col5a1+/-,Col11a1+/-tendons ( Fig. 2D-F) . All three genotypes contained two distinct fibril subpopulations; a narrow distribution of small diameter fibrils and a heterogeneous distribution of larger diameter fibrils. Both mutant genotypes demonstrated an increased number of small diameter fibrils relative to the wild type control tendons. This is illustrated by the decrease in the first quartile (Q1) values: 92.8 nm in the wild type tendon, 48.2 nm and 69.7 nm in the Col5a1+/-and Col5a1+/-, Col11a1+/-tendons, respectively. In addition, both mutant genotypes demonstrated an increase in the range, with fourth quartile (Q4) values increasing from 292 nm in the wild type to 338nm and 389 nm in the Col5a1+/-and Col5a1+/-, Col11a1+/-tendons, respectively. This was the result of the development of a right hand shoulder composed of large diameter fibrils in the mutant tendons. The Q3 value and increased interquartile range (Q4-Q3) define these differences; Q3 remains relatively constant in tendons from all 3 genotypes at 195-200nm. Q4-Q3 is 92nm in wild type tendons compared to 142nm and 191nm in Col5a1+/-and Col5a1+/-, Col11a1+/-tendons, respectively. This is consistent with a subpopulation of larger, heterogeneous fibrils in the mutant tendons.
The relatively normal fibril phenotype in the Col5a1+/-haplo-insufficient tendon and the defects in the Col5a1+/-,Col11a1+/-tendons suggested a cooperative regulatory interaction in tendon fibrillogenesis that is absent in the dermis of Col5a1+/-mice. To address this, collagen V and XI alpha chain expression was analyzed during mouse tendon development, focusing on the ubiquitous α1(V) 2 α2(V) and α1(XI)α2(XI)α3(XI) isoforms. All 5 alpha chains were demonstrated during tendon development and maturation (P10 to P90) using a qualitative PCR analysis (Fig. 3A) . The expression was further examined from E18 to P90 using quantitative real time PCR (Fig. 3B) . These transcript analyses indicated comparable expression of the collagen V and XI genes required for the 2 different isoforms during early tendon development (E18 to P10). However, at P30-P90, collagen XI alpha chains had low expression relative to collagen V alpha chains. These analyses indicate that a number of different isoforms are possible during tendon development. To determine whether the collagen proteins were present, α1(V) and α1(XI) chain expression during tendon development was analyzed using immunoblots (Fig. 3C) . Both α chains were present during early tendon development (P4), however, at P30 only the collagen V α1(V) chain was present.
Immunofluorescence localization analysis at P4 demonstrated reactivity for α1(V) and α1(XI) associated with tendon fibroblasts (Fig. 3D) .
The regulatory roles of collagens V and XI in nucleation of protofibril assembly were analyzed during early tendon development (E18), where protofibril assembly is the dominant stage in fibrillogenesis. An analysis comparable to that described for the P30 tendons was done using tendons from wild type, both Col5a1 and Col11a1 heterozygous, and compound heterozygous mice. The results were analogous to those described for the P30 tendons. Both Col5a1+/-and Col11a1+/-tendons had fibrils with structures comparable to the wild type control mice (Fig. 4) . However, the compound heterozygote (Col5a1+/-,Col11a1+/-) mice had more heterogeneous fibril diameters and larger fibrils demonstrating a phenotype comparable to that observed in the mature compound heterozygous mutant mice.
Fibril structure was analyzed in collagen XInull (Col11a1-/-) or collagen XI-null and collagen V haplo-insufficient (Col11a1-/-,Col5a1+/-) tendons (Fig. 5) . Both genotypes resulted in a severe fibril phenotype with the compound mutant being significantly more severe. The Col11a1-/-tendons were composed of fibrils with a heterogeneous distribution of fibril diameters. In addition, there was a subpopulation of large diameter fibrils with aberrant fibril structures, i.e., the fibril cross sections were irregular. When the effect of reducing collagen V in the absence of collagen XI was analyzed in the compound Col11a1-/-,Col5a1+/-tendons, the same basic fibril phenotype was observed, but was considerably more severe than in the collagen XInull tendon, the diameters were more heterogeneous and the subpopulation of structurally aberrant fibrils accounted for a higher percentage of the total fibrils. Overall, the basic tendon architecture, i.e., organization of fibrils into fibers associated with tendon fibroblasts, was disrupted in both genotypes (Fig. 5E,F) . Tendon architecture is recognizable, but disorganized in Col11a1-/-, Col5a1+/-tendons ( Fig. 5F ) with an obvious decrease in the number of fibrils compared to the wild type controls.
The fibril diameter distributions were analyzed in tendons with altered collagen V and XI expression at E18 (Fig. 6A) . The results of the single heterozygous and compound heterozygous mice were analogous to those observed in P30 tendons. All three genotypes demonstrated a shift to larger diameter fibrils seen as an increase in the median from 35nm in the wild type control to up to 43nm in the mutant tendons. In addition, a broadening of the diameter distribution was observed as an increase in the interquartile range (Q3-Q1) from 7nm to 11nm. The Col11a1-/-and Col11a1-/-, Col5a1+/-tendons demonstrated an even broader distribution with Q3-Q1 increasing to 15nm and 16nm, respectively. All of the tendons with reduced collagen XI developed a right hand shoulder on the distribution consistent with the structurally abnormal fibril population. The Q3 values shifted from 39nm in wild type tendons to 43-48nm in tendons with reduced collagen XI. The heterogeneity and size of fibrils in this subpopulation, defined by Q4-Q3, increased from 24nm in Col11a1+/-and 38nm in Col11a1+/-, Col5a1+/-, to 69nm in Col11a1-/-and 76nm in Col11a1-/-, Col5a1+/-tendons.
In addition, the number of fibrils assembled in tendons from the different genotypes was determined (Fig. 6B) . All the tendons with reduced collagen V and XI demonstrated a reduction in the number of fibrils assembled. In the Col5a1+/-tendons there was a 20% reduction in fibril number, but this was not statistically significant. However, the reduction in fibril number was statistically significant (p<0.001) in all other genotypes compared to the wild type controls. The Col11a1+/-; the Col11a1+/-,Col5a1+/-; and the Col11a1-/-tendons had a 26% to 29% reduction in fibril number. In contrast, the Col11a1-/-,Col5a1+/-tendons demonstrated a 44% reduction in fibril number. This reduction was significant relative to all other genotypes with reduced collagen V and XI (p<0.001). These results are consistent with differential/coordinate roles for collagens V and XI in the regulation of fibril nucleation and initial assembly in early tendon development.
Discussion
In the current study, coordinate regulatory roles for collagens V and XI in fibril nucleation and initial assembly during tendon development were identified. This is the first demonstration of coordinate regulation involving collagens V and XI. Collagen V has been shown to regulate these early steps in dermis (25) and cornea (23) while a role for collagen XI has been demonstrated in cartilage (27) . These data suggested that regulation of these key steps involved tissue-specific expression of collagen V or XI isoforms. The data presented herein indicate additional complexity in these regulatory interactions.
Tendon structure and function in a Col5a1+/-mature mouse model of classic EDS -
Biomechanical testing of Col5a1+/-tendons suggested increased elasticity as indicated by a decrease in tissue stiffness. This functional phenotype is consistent with the joint laxity and hyper-extensibility seen in patients with the classic form of EDS (1). Our hypothesis was that the structural basis of this functional defect would be related to alterations in fibril structure comparable to those described in the dermis of this mouse model (25) and from patient biopsies (40) . In both cases, the dermis was composed of fibrils with larger diameters and a subpopulation that was large and structurally aberrant with irregular fibril cross sectional profiles. In addition, fewer fibrils were assembled in the mouse model. It was expected that these changes, indicative of dysfunctional regulation of nucleation and initial fibril growth, also would be associated with the tendons, which are compositionally similar to the dermis. The results in the tendon indicate relatively normal fibril structure in the mature Col5a1+/-mice. However, the biomechanical analysis documented a significant decrease in the cross sectional area of the tendons from Col5a1+/-compared to wild type mice. The decrease in tendon size can be explained by a decrease in collagen V resulting in the nucleation and assembly of fewer fibrils. This is supported by assembly of fewer fibrils in the Col5a1+/-dermis and cornea with no change in collagen I relative to the control mice (22) (23) (24) . The decreased stiffness observed in the tissue, but not at the material level could be explained by the development of smaller tendons in the mutant mice.
Overall, the structural analysis demonstrating normal fibril structure in the Col5a1+/-tendon provided novel, unexpected results which suggested to us that regulation of tendon fibril nucleation and initial assembly involved other interactions in addition to collagen V. We hypothesized that collagen XI was a good candidate. The rationale supporting this is based on comparable regulatory roles for collagen XI in regulating the nucleation and assembly of collagen II-containing fibrils in cartilage (27;41) . Also in cartilage heterozygous for collagen XI (cho/+) two fibril subpopulations were observed. One comparable to wild type controls and a second larger, heterogeneous subpopulation (42) . In addition, collagen XI is expressed during development in a variety of tissues (30;43;44). Finally, collagen XI was shown to interact with collagen I to regulate fibril assembly in in vitro assays (45) . This work demonstrated that collagens I and XI formed heterotypic fibrils and that in vitro co-assembly of collagens I and XI resulted in the assembly of smaller diameter fibrils. Collagen XI facilitated nucleation with mixtures showing reduced lag times. All of these data suggested the potential for collagen V and XI regulatory roles in tendon development. The analysis of compound Col5a1+/-,Col11a1+/-tendons demonstrated a fibril phenotype comparable to that seen in the Col5a1+/-dermis and EDS patients, which supported this hypothesis.
Collagens V and XI in tendon development -
The developmental expression of genes for collagen V and XI supported regulatory interactions involving both collagen V and XI forms. The transcripts for all five of the α chains making up the major collagen V and XI isoforms, [α1(V)] 2 α2(V) and α1(XI)α2(XI)α3(XI), were comparably expressed during early stages of tendon development (E18-P10) when the nucleation and subsequent assembly of immature protofibrils is the predominant assembly step (17;46) . However, in the mature tendon, α chain transcripts for collagen V chains were dominant. This supports a coordinate role for collagens V and XI in early development. The collagen α1(XI) transcript was expressed at reduced levels, but above baseline in the mature tendon. Hybrid molecules composed of α chains of collagens V and XI have been identified (19-21;47) . The expression of an α1(XI) transcript leaves open the possibility of a role for a hybrid collagen V and XI molecule, i.e., [α1(XI)] 2 α2(V) in both mature and developing tendons. The α1(XI) chain was not observed in our immuno-blots in mature tendons, however, the sensitivity of the assay does not allow us to rule out a potential role for this form.
Altered collagen V and XI expression alters fibril assembly during early tendon development -
Comparable to the data from the mature mice, tendons from Col5a1+/-mice at E18 had relatively normal structures while the Col11a1+/-tendons assembled larger and more irregular fibrils. These differences between heterozygous collagen V and XI tendons indicate synergistic rather than redundant roles. The compound heterozygous and single heterozygous tendons all assembled fewer fibrils than in the wild type controls. However, the single and compound mutants demonstrated a comparable reduction, again suggesting that the dysfunctional regulation is not the result of 2 closely related collagens with redundant regulatory roles.
Collagens V and XI coordinately regulate fibril nucleation and assembly during early tendon development -Tendons from
Col11a1-/-mice had a fibril phenotype that was more severe than that observed in the compound heterozygous mice, with fewer and larger fibrils. There also was a distinct subpopulation of structurally aberrant fibrils with irregular fibril cross sections or profiles. The effect of reducing collagen V by half in the absence of collagen XI was extremely severe. There was a significant drop in the number of fibrils assembled compared to all other genotypes. This indicates a synergistic role in control of fibril nucleation. In addition, fibril structure was markedly altered with a greater number of large diameter fibrils with abnormal structures. This can be interpreted as an unregulated assembly of collagen I when the regulatory interactions involving collagens V and XI have become limiting. A completion of this analysis will require the studies of the collagen Vnull tendon. Due to the critical role in nucleation within the embryonic environment where there is a relatively low collagen concentration, loss of collagen V results in an embryonic lethal phenotype at E10, these studies are not possible using the current mouse models. Development of conditional models will be required to address this issue.
Tendon fibrillogenesis -Tendons are established at E14.5 of mouse development when fibrillogenesis begins and E18 is a period when fibrillar extracellular matrix is recognizable (48) (49) (50) . From E14.5 to ~P4, the tendon is composed of a homogeneous population of short, small diameter protofibrils. In contrast, the mature tendon contains fibrils with a heterogeneous population of large diameter fibrils (46) . The assembly of mature fibrils requires linear and lateral growth of preformed protofibrils (17) .
Nucleation initiates protofibril assembly resulting in the assembly of the short, small diameter protofibrils. Protofibrils are immature collagen fibrils with a typical 67 nm periodicity. However, they are short, 3-10 µm in length with tapered ends (51) . The protofibrils are deposited and organized into fibers in the developing matrix. Second, the protofibrils assemble into mature, long, larger diameter fibrils via linear and lateral growth from the preformed protofibrils (52) (53) (54) . Regulation of these steps involves changing expression patterns and interactions with FACIT collagens, i.e., collagens XII and XIV and small leucine-rich proteoglycans, i.e., decorin, biglycan, fibromodulin and lumican (31;36;46;55;56) . These growth steps are blocked in the tendon until around P4-10 when significant linear and lateral growth is first observed (46) .
Our model of tendon fibrillogenesis involves regulatory interactions at sequential steps (17) . In the studies presented, fibril parameters at E18 are determined primarily by mechanisms involved in the regulation of protofibril nucleation and assembly. While at P30, mature fibril parameters are determined by the structure of the building blocks, i.e., protofibrils as well as from mixing of subpopulations during lateral growth (25) .
At E18, protofibril nucleation predominates relative to the other steps in fibril assembly.
Genetic reductions in collagen V and/or XI in tendons at E18 resulted in abnormalities in three parameters; (1) the number of protofibrils; (2) changes in the diameter of protofibrils; and (3) alterations resulting in less cylindrical protofibrils, i.e., irregular cross sections or profiles. These data indicate a mechanism whereby collagens V and XI regulate these parameters. First, the number of nucleators, i.e., collagens V and XI are directly responsible for determining the number of protofibrils assembled and the protofibril diameter. Collagens V and/or XI interact with collagen I and nucleate protofibril assembly subsequently becoming incorporated into the heterotypic fibrils (22;41;57) thereby only functioning in one round of assembly. Therefore, reduced fibril number is a direct result of decrease collagen V and XI content. Protofibril diameter also is a regulated by collagens V and XI. It is possible that collagens V and XI have different interactions with collagen I resulting in unique composite structures that would result in different fibril structures (45) . A decrease in nucleation events and constant collagen I tissue content results in more collagen I assembled into each protofibril resulting in larger diameters. Data from dermis indicate that here is a limit to protofibril diameter as collagen V is reduced (25) . It is unclear whether this is due to intrinsic molecular properties dictated by molecular interactions or to the presence of fibril associated macromolecules such as small leucinerich proteoglycans or FACIT collagens or some combination. A reduction in collagen V resulted in protofibrils with larger diameters and near circular fibril cross sections. However, a second large, structurally aberrant subpopulation that was negative for anti-collagen V immuno-reactivity was assembled. This suggests that limiting nucleation events, leads to unregulated utilization of collagen I (24;25). The heterozygous tendons all have near circular protofibril cross sections with larger diameters than controls. This indicates that nucleation has not become limiting and all collagen I can be assembled into fewer, larger diameter protofibrils. However in the Col11a1-/-and Col11a1-/-,Col5a1+/-tendons a subpopulation of structurally aberrant protofibrils is assembled. Our interpretation is that this is a result of nucleation becoming limiting resulting in an unregulated utilization or sequestering of collagen I.
Mature fibrils are assembled by growth from protofibrils involving end-to-end and lateral fusion (17;57;58) . Therefore, the structure of mature fibrils would be influenced by the structure of the protofibrils as well as incorporation of the structurally abnormal fibrils into the growth process. The irregular fibril cross sections observed in the mature Col5a1+/-,Col11a1+/-could be the result from the incorporation of protofibrils with abnormal structure into the lateral growth step required during assembly of mature fibrils. We have demonstrated that this occurs in the dermis of the Col5a1+/-mouse model of EDS (25) . In addition, branching fibrils were demonstrated during mouse tendon development resulting from fusion of portions of adjacent fibrils (59) . It is likely that the lateral association and fusion involving regions of adjacent fibrils results from the lateral growth of protofibrils. Clearly, these fusions involving abnormal fibrils would also impact mature fibril structure. Lateral growth is controlled via interactions with leucine-rich proteoglycans (36;46;55;56) . These interactions prevent lateral fibril growth in early tendon development so the altered fibrils observed at E18 are likely to result solely from dysfunctional regulation of nucleation, initial fibril assembly, and perhaps collagen processing.
During tendon development, initial collagen assembly occurs in close association with the fibroblast surface (57;60;61). We can speculate that during normal development collagens V and/or XI are tethered to the fibroblast surface through direct, e.g., with integrins or indirect, e.g., with fibronectin interactions. This possibility is supported by a recent analysis indicating that the NH 2 -non-collagenous domain of collagen V interacts with numerous matrix proteins that could generate such interactions (62) . Alterations in collagens V and XI would compromise control of initial protofibril assembly and deposition by freeing the process from its normal regulatory domain. For instance, mutations in tenascin X lead to an EDS phenotype in the presence of normal collagen V (63;64). However, the phenotype is relatively mild. The mechanism may be related to the uncoupling of fibril assembly from the fibroblast surface resulting from the absence of an indirect link to the fibroblast. The overall effect is dysregulation of protofibril assembly, and ultimately defective tendon structure and function. Dissociation from the cell surface could impact regulation in several ways. First, a non-tethered nucleator would be expected to be less efficient in nucleating assembly of collagen I. In addition, having the initial assembly steps in a microdomain at the cell surface provides a mechanism whereby other processes important in fibril assembly such as procollagen processing can be fully integrated under cellular control. The efficiency of procollagen processing with altered collagen V and/or XI expression needs to be determined. It is known that retention of the Npropeptide of collagen I results in irregular fibril cross sectional profiles in EDS patients with defects in processing of the NH 2 -propeptide of procollagen I as well as other genetic diseases with this defect (2;65;66) . In vitro analyses also have defective regulation of cross sectional profiles with retention of the procollagen I NH 2 -propeptide and more severe defects when both fully and partially processed collagen were present in the assay (67) . This could, at least partially, explain the altered structure observed at E18, prior to the initiation of lateral fibril growth, with the reduction of collagens V and/or XI resulting in less efficient procollagen processing when the process is untethered from the fibroblast surface. Collagen V and XI interactions with the tendon fibroblast in this manner also allow the cellular positioning of newly assembled fibrils during development. The severe disruption of tendon architecture observed supports this suggestion.
Overall, our data indicate that coordinate interactions involving collagens V and XI regulate early steps in fibrillogenesis during tendon development. A mechanism involving synergistic interaction of collagens V and XI controlling fibril nucleation is proposed. This would provide regulation of initial protofibril assembly, growth of mature fibrils and tendon function. Cross-sectional area, maximum load, maximum stress, stiffness and modulus were measured in P60 FDL tendons from Col5a1+/+ and Col5a1+/-mice. Cross sectional areas were significantly decreased in Col5a1+/-tendons compared to wild type tendons. There was a significant reduction in stiffness in Col5a1+/-tendons compared to control tendons, consistent with increased elasticity. The maximum load, stress and modulus were comparable in both genotypes. Asterisk, P<0.05. . (A, B) Collagen fibril structure was analyzed in the tendons from Col5a1+/-and wild type mice at P30 using transmission electron microscopy. Fibril structures in Col5a1+/-tendons and wild type controls were comparable, with each showing a heterogeneous population of fibrils with normal near circular fibril cross sections (arrow). However, there was an increased number of small and of large diameter fibrils in the mutant mice. In addition, the fibril cross sectional profiles were less regular in the Col5a1+/-tendons (arrow). (C) Fibril structure in the compound heterozygotes appears comparable to the Col5a+/-tendon, but fibril crosssectional profiles are more irregular. In addition, there is a subpopulation of structurally aberrant fibrils (arrow). (D-F) Fibril diameter distributions of tendons at P30 had a broad, heterogeneous population of fibrils with a bimodal distribution in wild type, Col5a1+/-and Col5a1+/-, Col11a1+/-mice. Both sets of mutant tendons demonstrate an increased number of small diameter fibrils relative to the wild type controls. In addition, both mutant genotypes developed a shoulder composed of larger fibrils with a heterogeneous distribution of diameters. This shoulder was substantially better developed in the compound heterozygous versus Col5a1+/-tendon. A-C) . In contrast, compound heterozygous mice have larger diameter fibrils that are beginning to display irregular fibril cross-sections (arrows in D) compared to both the wild type and haplo-insufficient mice. Transmission electron micrographs of cross sections from E18 mouse FDL tendons. A.
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